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Abstract

Recovery of agro and food-industrial waste and their valorisation via green technologies can help to outline new concepts
of industrial strategies. In this contest, a fat enriched of added-value components was extracted from coffee silverskin by
applying a supercritical fluid extraction technique (sc-CO,). An appropriate modulation of process parameters like tempera-
ture (T =35, 50, 60 °C) and pressure (p=200-300 bar) influences the fat yield and the chemical composition, opening the
way for targeted extraction. The extraction time, the organic solvent use and the energy consume were reduced compared to
Soxhlet. Moreover, a mathematical model was constructed based on the experimental data collected, employed apparatus,
and physico-chemical characteristics of biomass, pointing to a possible industrial scale-up. The experimental results are
accompanied by a preliminary cost of manufacturing (COM), highlighting how the high investment for the apparatus is
compensated by several benefits.
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k, Solid phase mass transfer coefficient (s™! )
mOs Initial solid mass (g)

P Extraction pressure (bar)

0 Flow rate (m>/s)

q Dimensionless amount of CO,

9 Amount of CO, required in CER period (kg of
CO,/kg solute-free solid)

Ps Solid mass density (kg/m®)

Py Fluid mass density (kg/m? )

S Standard error of the estimate

t Extracting time (s)

T Extraction temperature (°C)

U Superficial velocity (m/s)

X Dimensionless concentration of solute in solid

phase

X Initial fat content of seed (kg fat/kg solute-free
solid)

X Initial fat concentration inside the particles (kg
fat/kg solute-free solid)

y Dimensionless concentration of solute in solvent
phase

v, Solubility of the solute in the solvent phase (kg
fat’kg CO, )

Statement of Novelty

An enriched fat from silverskin, the unique coffee roasting
by-product was extracted for the first time by supercritical
carbon dioxide with main advantages respect the conven-
tional approach.

Introduction

Within the context of circular economy, a fresh sustainable
paradigm has increasingly been followed in many fields,
from academia to industries and policymakers. Academic
researchers are addressing their attention around this topic in
the last decades, while companies are realizing the economic
impact on themselves and their relative stakeholders [1].
The valorization of agro- and food-industrial waste is
considered an opportunity to provide new higher-value
products with a concomitant solution to waste accumulation
issues. Different valorization strategies (pigments extrac-
tions, enzymatic bio-transformations, biofuels production,
etc.) have been applied to different matrices always with the
aim of creating added value from by-products [2, 3]. In this
wide context, many research groups are recently studying
the valorisation of coffee by-products, since coffee is one of
the most valuable primary products in the world trade and
its processing chain leaves behind non negligible volumes
of wastes [4]. After an initial process removing the outer
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skin, pulp, pectic adhesive layer and parchment, green coffee
beans are exported to consuming countries where the beans
are roasted and silverskin, the thin layer directly in contact
with the coffee bean, is left over as the only by-product dur-
ing the roasting step [5]. On the basis of data provided by
coffee roasting companies, every 120 tons of roasted coffee,
about one ton of silverskin is produced, and approximately
7500 tons per year in Italy (2017 data), representing a dis-
posal problem in terms of environment and cost. Silverskin
has already been investigated as combustible, fertilizer and
animal feed [6], but many works pointed out the relevance
of its phytochemical profile dealing with its antioxidant and
prebiotic properties [7, 8].

In this framework, the Circular Coffee project (CirCo
project-http://progettocirco.it/) aims at establishing a totally
waste-free process as the different components of silverskin
are valorized and converted to different uses. Coffee silver-
skin becomes an economic opportunity, as source of valu-
able compounds like: (i) fatty portion and bioactives, such
as caffeine and caffeoylquinic acids [9] for cosmetic applica-
tions, (ii) the residual cellulosic part, for paper production.
The partners in the project have already demonstrated the
possibility to produce a lipstick prototype (Pirovano et al.
2019) from the lipidic fraction and, according to a patented
procedure, the residual delipidated biomass was used in a
paper making process (https://www.favini.com/en/news/
from-bean-to-crush-coffee/).

For the first purpose, the traditional extraction techniques
already applied to silverskin aiming at obtaining extracts
enriched with bioactive compounds, requiring high amounts
of solvents, are not more acceptable if the background of
green chemistry is becoming relevant in industrial sec-
tor. For this reason, recently, there has been an increasing
demand for innovative and environmentally friendly extrac-
tion techniques in accordance with the agenda 2030 for sus-
tainable development of United Nations.

In response to this issue, in this work, a green technique,
employing supercritical CO, (sc-CO,), has been selected as
the extraction strategy, being selective and able to reduce
extraction time, avoiding or at least minimizing organic sol-
vent consumption.

The most significant advantages of the supercritical CO,
extraction technique are CO, cleanness and safety (carbon
dioxide is non-toxic and non-inflammable and it does not
leave environmentally hazardous wastes), expeditiousness
(CO, penetrates into solid matrices more rapidly compared
to liquid solvents), its selectivity (supercritical CO, allows
selective extraction of a wide range of analytes while leav-
ing intact the bulk matrix) [10]. Due to the quadrupolar
momentum, scCO2 can extract more polar compounds than
n-hexane, and generally the addition of small percentages of
co-solvents (such as ethanol and water) expands the extract-
able compounds window [11].
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As additional tools, to assess the industrial interest of the
technique, the scale-up of lab-data for industrial design is
applicable by means of mathematical models, aiming at pre-
dicting the trend of compounds extraction from the matrices
over time. The most frequently applied models describe the
internal and external mass transfer as the main phenomena
that normally occur in a packed bed as an extraction ves-
sel [12]. Pressure, temperature, solid morphology, in terms
of particle size, porosity and specific surface area, are the
main physico-chemical parameters affecting the extraction
and hence they are involved in the mathematical model.

The literature already reports the use of supercritical CO,
supported by mathematical models in the extraction of oil
from green coffee beans, spent coffee ground and coffee
husk [13]. Additionally, Couto and co-workers investigated
the influence of pressure and temperature on the composition
of oil obtained by supercritical CO, treatment of spent coffee
grounds [14]. This work was followed by a deeper technical
and economic analysis by de Melo et al. on the same case-
study matrix [15].

To the best of our knowledge, no application of sc-CO,
to silverskin has been attempted so far.

The main purpose of this work addresses to silverskin
valorisation employing supercritical CO,, optimizing
physico-chemical parameters (pressure and temperature)
in the absence and presence of a co-solvent (ethanol) and
comparing results in terms of yields and composition with
conventional extraction methods, like Soxhlet. A mathemati-
cal model built aiming at predicting the extraction trend for
further scale-up studies, design of experiment (DoE) and
process optimization, is also presented as a complementary
aspect towards real field applications.

Experimental Section
Materials and Chemicals

Micronized coffee silverskin (CS) was provided by an Ital-
ian roasting company. Caffeine, HPLC-grade and analytical
grade organic solvents were purchased by Sigma-Aldrich
Chemicals (Italy). 0.1 M sodium hydroxide (NaOH) and
2 M potassium hydroxide (KOH) solutions were prepared
by dilution of Titrisol® purchased from Merck. HPLC-grade
water was obtained from a purification system (Millipore,
Billerica, MA, USA). Carbon dioxide (CO,) was furnished
by Sapio s.r.l (Monza, Italy) with a purity of 99.999%

Soxhlet Extraction
The extraction of coffee silverskin with Soxhlet apparatus

was carried out to compare the yield and the chemical com-
position with sc-CO,. Almost 10 g of CS were extracted

with 100 mL of n-hexane for 6 h, at reflux (14 mL min™"),
until the feedstock was completely defatted. The organic sol-
vent was therefore evaporated under vacuum (Buchi R210).
The CS fat was analysed by gas chromatography (GC) and
acid-base titration.

Supercritical CO, Extraction (sc-CO,)

sc-CO, extractions were performed on SFT-XW110 appara-
tus (Supercritical Fluids Technology, inc., Newark, United
States) equipped with an SFT-10 CO, pump and 515 HPLC
pump (Waters, Italy) as secondary pump for organic modi-
fiers. For each experiment, 40 g of micronized coffee sil-
verskin were packed in the extraction vessel. The CO, was
pressurized in the vessel at different temperatures (35, 50,
60 °C) and pressures (200, 300 bar) with a constant flow
rate of 15 mL min~!, for a maximum of 2 h. The CS fat was
collected in a vial at intervals of about 5, 15, 30, 60, 120 min
to assess several data points for overall extraction curves
(OECs). The extracts were then stored at — 20 °C for sub-
sequent analysis. The extractions were performed in dupli-
cate and data were expressed as means + standard deviation.
Statistical analysis were conducted with Excel and Student’s
t-test was used. p-values < 0.05 were considered significant.

Total Fatty Acids Profile

The chemical composition of CS fat was determined by
gas chromatography HP-6890 (Agilent Technology, Italy)
equipped with a flame ionized detector using a non-bonded,
bis-cyanopropylpolysiloxane (100 m) capillary column at
isotherm T=190 °C. Before injection the samples (10 mg
in 1 mL of n-hexane) were transesterified with a2 M KOH/
methanol solution (0.200 mL). The sample solution and the
potassium hydroxide solution were manually shaked in a
vial for five minutes and after settling the upper phase was
injected for analysis.

Free Fatty Acid (FFA) Value

The FFA content of the CS fat was determined according to
the method NGD C 10-1976. The fat sample (200-300 mg)
was dissolved in 30 mL of a solution of ethyl ether/ethyl
alcohol (2:1v/v). Then the mixture was titrated, under
constant stirring, using phenolphthalein as indicator and a
NaOH solution (0.1 M). The FFA of the fat (AV, mg NaOH
g~ 1) was determined according to Eq. (1):

VMMW
m

% FFA =

ey

where V (mL) is the volume of the sodium hydroxide
solution used for the titration, M is the molarity of the NaOH
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solution (molL~!), MW (282 g mol™') is the molecular
weight of oleic acid, and m (g) is the mass of the fat sample.

Caffeine Content

Caffeine was characterized and quantified using the Waters
ACQUITY UPLC system (Waters corp., MA, United States)
equipped with a quaternary pump, autosampler, thermo-
stated column compartment and a dual-wavelength UV/Vis-
ible (UV/Vis) detector (TUV). The data were processed with
Empower 3 workstations. The employed column was BEH
C,g (2.1 mm x50 mm) and mobile phase was composed of
water containing 0.1% of formic acid (v/v) (A) and acetoni-
trile containing 0.1% of formic acid (v/v) (B). The flow rate
was set at 0.25 mL min~! and the linear gradient elution was:
0 min, 95% A; 3 min, 93% A; 7 min, 90% A; 15 min, 80% A;
17 min, 95% A with a re-equilibration time of 2 min before
the next injection. The column temperature was maintained
at 30 °C and the wavelength set at 274 nm. For the quantifi-
cation of caffeine in the fat extract, a calibration curve was
built using the method of external standard by means of a
seven-points calibration curve with three replicate measure-
ments for each calibration point. The curve was linear in a
range of 100-0.0004 pg mL~! with a calculated correlation
coefficient (R) of 0.9998 (y=57,797x +28,278). Results
are displayed in Fig. 1 of Supporting Information (Fig. S1).
Limit of detection (LOD) and limit of quantification (LOQ)
were calculated as 3- and 10- fold the signal-to-noise ratio
with a value of 0.06 ng mL ™" and 0.19 ng mL ™! respectively.
The samples were dissolved in a limited amount of chloro-
form and diluted in an appropriate volume of acetonitrile
to reach the desired concentration, then filtered by 0.45 pm

Fig.1 Conventional and
non-conventional methods
instrumental set-up and their
corresponding extract products

Silverskin from Italian

roasting company N
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filter (Millex-FH, Millipore corp., MA, United States) before
injection.

Cost of Manufacturing (COM) Estimation of sc-CO,
Extraction Process

The cost of manufacturing estimation (COM) of sc-CO,
extraction was evaluated using the methodology previously
proposed by Turton et al. [16]. The COM is described in the
following expression:

COM = 0.280 x FCI +2.73 x COL
+1.23X (Cry + Cwr+ Cur) o)

where FCI is the fraction of investment. The cost of sc-CO,
laboratory apparatus was referred to that present in our lab-
oratory, at Universita degli Studi di Milano, that presents
an extractor vessel of 0.1 L of capacity. The cost of indus-
trial apparatus is reported to those calculated by De Melo
et al. with two extractor vessels of 400 L of capacity, is
1,500,000.00 € [15, 17]. The depreciation rate was assumed
to be 10% per year.

The operational labour cost (Cy;) is generally divided
into indirect and direct costs. This latter includes the wage
of skilled men calculated as man-hour per operation-hour.
The cost of 7920 h per year operational work, with continu-
ous 24 h per day, 8 h daily shifts (three workers/shift) in
330 days. According to the table of Italian national chemi-
cal contract (CCNL) (http://www.filctemcgil.it), it can be
assumed as 10.28 €/h.

Cpryy 1s the raw material cost. At the moment silverskin
does not have any economic value on the market, and a
hypothetic cost cannot be estimated.

soxhlet

sc-C02
(60°C, 300 bar, 2h)

CS fat (3.1%)
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Cyyr1s the waste treatment cost. In this case it is inexistent
due to the further conversion of CS residue to second raw
material for paper production.

Cost of utilities (Cyyp) is the sum of energetic costs associ-
ated to various processes as CO, refrigeration and heater. In
more detail, the energy consumption of sc-CO, is the cost
associated to: (i) chill liquid CO, from ambient 20 °C to 4 °C
at 58 bar for the liquefaction; (ii) pump the CO, to extractor
vessel from 4 °C/58 bar to 60 °C/300 bar; (iii) maintain the
supercritical extraction conditions (60 °C/300 bar) for all
extraction time (2 h).

The energetic calculations were performed using Sim-
Central of AVEVA using SRK as EoS considering the ther-
modynamic properties of gases shown by National Insti-
tute of Standards and Technology (NIST) [18]. The energy
scale-up was performed linearly as reported by Prado et al.
[19]. The price of electricity was referred to Italian annual
energy consumption band <20 MWh calculated by Italian
Regulatory Authority for Energy, Networks and Environ-
ment (ARERA).

Additionally, the CO, tanks costs fall in the cost of utili-
ties. The CO, employed for the process was calculated to be
0.6 €/L,, according to Sapio s.r.1, Italy price and a loss of
2% was considered due to pressurize/depressurize operations.
This cost can be considered negligible in the case of a specific
apparatus for CO, recovery is present in the industrial implant.

The economic cost of CS oil was calculated dividing the
total oil extracted per the total raw material processed in
330 days.

Results and Discussion
CS Fat Extraction

In our experiments, the fat content in coffee silverskin (CS)
was first evaluated by Soxhlet extraction, in the presence of

a hydrocarbon solvent. Several research works reported that
lipid fraction is estimated to be 2-3.4% calculated on the
dry biomass, depending on the CS species (i.e. Arabica or
Robusta) and geographical origins [20]. In agreement with
literature data, the Soxhlet extraction of our material yielded
3.0% +0.1 (calculated on a dry weight basis) of a dark brown
amorphous solid (Fig. 1). Similar results in term of yields
were obtained with sc-CO, in a considerably lower time
respect to the reference method (2 h) (Table 1). In this case
a light yellow amorphous solid with a texture similar to the
butter was isolated, as displayed in Fig. 1. In order to investi-
gate which physico-chemical parameters could influence the
CS fat extraction, various temperature (35, 50, 60 °C) and
pressure values (200, 300 bar) were selected and combined
at constant flow rate of 15 mL min~! (Table 1).

As shown in Table 1, the extraction yields increase
with pressure at constant temperature due to an increase
of CO, density, and thus the fluid capacity to solubilize
the lipids from CS. Setting the pressure at medium-high
value, the disruption of plant cell can be promoted, facili-
tating the release of compounds not previously extract-
able. In particular conditions (entry 2, 4 and 6 in Table 1),
good extraction yields were obtained for each different
temperature value specifically working at 300 bar. Tightly
connected to pressure, the temperature is another impor-
tant physical parameter that affects the sc-CO, extraction
yield in a more complex way than pressure, as documented
in the literature [21]. As reported in Table 1, an incre-
ment of CS fat yield was progressively observed in the
range of temperature from 35 to 60 °C, in both operative
pressure values. However, at 200 bar similar yield values
(2.7 +£0.3%) were obtained for both the extractions con-
ducted at 50 °C (Table 1, entry 3) and 60 °C (Table 1,
entry 5). This is probably due to an increase in temperature
causing a slightly negative effect on the density of sc-CO,
and thus on its solvation capacity. In parallel to this phe-
nomenon, an increase of vapor pressure of the solutes can

Table 1 Experimental

conditions for CS fat extraction Method Dataset  TCC)  p(ban) (COZ _5/0\}‘;;3;1_1) Zl;)ljv r:il;e—l) Fat yield (Wi Wary cs)
by Soxhlet and sc-CO,
Sc-CO, 1 35 200 - 15 2.1+£0.2
2 35 300 - 2.5+0.1
3 50 200 - 2.7+0.3
4 50 300 - 2.8+0.2
5 60 200 - 2.7+0.1
6 60 300 - 3.1+0.1
7 50 300 5 33+03
8 60 300 2.3+0.2%
Soxhlet (n-hexane) — - - - 3.0+0.1

Results are presented as means + standard deviation of duplicate extractions
*p <0.05, student’s t-test two tailed
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be recorded that conversely enhances their own solubil-
ity in the supercritical fluid. Then moving to higher pres-
sure, the density of sc-CO, decreases moderately with a
temperature increase and the second thermodynamic
effect prevails, as observed in Table 1 entry 6. The best
extraction conditions were achieved at 300 bar and 60 °C
where these two opposite and parallel phenomena could
be well balanced [14]. The addition of polar co-solvent
in a variable percentage to sc-CO, is a common practice
adopted for enhancing the amount and the selectivity of
lipids extracted from a vegetable matrix [22]. Its principal
action consists of increasing the local density around the
solute molecule leading to specific bonds formation with
solute molecules (i.e. dipole—dipole, H-bonds, etc.), thus
improving their solubility in the solvent phase. Specifi-
cally, in this research work, ethanol was selected as polar
additive considering its safe status (GRAS) and low toxic-
ity to scout its effect on CS fat extraction. Furthermore,
it was added in minimal percentage at the best extrac-
tion conditions previously identified, in a perspective of
industrial process sustainability. The results showed an
effective albeit small increment of the percentage of CS fat
yield (3.3+0.3% in Table 1, entry 7) respect to the use of
pure sc-CO, (3.1 +0.1% in Table 1 entry 6). On the other
hand, the low percentage of ethanol and the high density of
sc-CO, at 60°/300 bar cause a decrement of fat solubility
with a negative impact on the extraction yield (2.3+0.2%
in Table 1, entry 8) addressed to liable crossover phenom-
enon in a ternary mixture. [22, 23] Noteworthy, the CS
fat in all conditions tested, showed an improvement of
organoleptic properties visually and to the touch respect
to the Soxhlet extraction.

Table2 Fatty acids (FA) profile of experimental extracts; myristic
acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), arachidic acid (C20:0), behenic acid

Characterization of CS Fat

The total fatty acids composition of CS butter obtained by
sc-CO, under various operative conditions and by Sox-
hlet extraction was analyzed by gas chromatography after
transesterification and the results are reported in Table 2. In
agreement with literature data [7], the main fatty acids in all
samples are linoleic acid (C18:2) and palmitic acid (C16:0),
present almost in the same % mol, followed by oleic acid
(C18:1) and stearic acid (C18:0). However, non-negligible
amounts of long chain, high melting point arachidic (C20:0),
behenic (C22:0) and lignoceric(C24:0) acid are also present.
This unusual composition makes this fat of potential interest
for the cosmetic industry. Moreover, it is different from that
of other fats used in the formulation of cosmetic products
such as shea or cocoa butter that contain only small amount
(<5%) of arachidic acid.

Basically the solubility of free fatty acids, alkyl esters of
fatty acids, and mono-, di- and try-acylglycerols in sc-CO,
depends on their structural characteristics as the molecular
weight and degree of unsaturation and it is influenced by the
density of solvent [24].

It is very interesting to note that the chemical composition
of fatty acids in terms of % mol varies upon the extraction
conditions. In particular, the samples rich in medium-short
chain saturated fatty acids with a lower amount of long-
saturated chain fatty acids derived from extractions carried
out under mild conditions (Table 2, entry 1 and 2). On the
other hand, the use of stronger process conditions (Table 2,
entry 3—6) provides a CS fat enriched in long-chain saturated
fatty acids. Notably the % mol of C24:0 in sample 6 resulted
three times higher than sample 1. This behaviour is again
addressed to the increase of sc-CO, density and the conse-
quent increase of solvation power that promotes the solubi-
lization of high weight fatty acids. Therefore, as well, the
addition of co-solvent assisted the extraction of long-chain

(C22:0) and lignoceric acid (C24:0); saturated fatty acid (SFA); poly-
unsaturated/saturated fatty acid ratio (PUFA/SFA)

sc-CO, FA composition (%mol) SFA  PUFA/SFA  FFA (% wt)
C14:0 C16:0 C18:0 C18:1 C18:2 C20:0 C22:0 C24:0

1 0.5 39.5 6.8 10.5 34 4.6 2.3 04 54.1 0.83 21

2 1.3 36.3 7.9 11.0 343 6.3 2.4 0.5 54.7 0.83 22.5
3 0.7 35.2 7.7 10.1 32.7 7.4 4.5 0.6 56.1 0.76 19.2
4 1.3 37.6 6.7 10.1 31.5 6.5 4.3 0.9 57.3 0.73 24.6
5 0.5 32.8 7.2 10.0 30.5 9.0 8.1 1.3 589  0.69 19.8
6 0.7 324 7.1 9.1 29.5 9.3 10.4 1.5 61.4 0.63 28.8
7 1.1 34.4 6.8 9.5 29.8 7.9 7.7 1.3 58.1 0.68 26.5
8 0.6 33.6 7.6 10.0 31.6 8.2 6.4 1.0 57.4 0.72 18.6
Soxhlet (n-hexane)  — 29.0 6.8 9.2 32.0 10.6 8.9 1.6 569  0.72 19.8

@ Springer



Waste and Biomass Valorization

fatty acids through the additive formation of specific sol-
vent—solute bonds. (Table 2, entry 7 and 8) [22].

Noteworthy each component of the fat mixture gives its
own contribution to the overall solubility of vegetal fat, not
often predictable, in the supercritical fluid [25]. To sum-
up, the total content of saturated fatty acids (SFA) ranges
between 54 and 61%, while the polyunsaturated/saturated
ratio (UFA/SFA) decreasing from mild to stronger con-
ditions. It is also worth mentioning that the presence of
behenic and lignoceric acids, not common in other vegetable
oil, could make the CS fat a very attractive starting material
for cosmetic formulations [26].

The content in free fatty acids is another important point
to look at, in order to assess the quality and the field of
application of a fat, as well as the possible changes occurring
during its storage.

The acidity expressed as % by weight of free fatty acids
(FFA) obtained by titration of the samples extracted from sil-
verskin was measured and it was found to be pretty high with
respect to common vegetable oils, and the values obtained
are reported in Table 2. All the samples show an acidity
in the range of 19-29%, moderately higher with respect to
the one observed for the Soxhlet extracts (19.8%) [27]. The
different extraction techniques therefore may affect the final
fat acidity although no literature data are available in this
respect.

Furthermore, the acidity slightly increases with the
extraction pressure, despite the temperature. An expla-
nation could be found in the variation of the physico-
chemical properties of CO, at higher pressure enhanc-
ing the solubility of unsaponifiable compounds with free
fatty acid-function [24]. This can explain as well as the
increased yield at the same cited conditions (Table 2).

To the best of our knowledge, there are not studies
reported in the literature evaluating deeply this aspect so

far. On the basis of these results, we can conclude that
sc-CO, could be a straightforward method for obtaining
extracts tunable and selective in terms of composition,
suitable to be addressed for different purposes.

Besides fats, CS fat with traces of caffeine was expected
to be collected, shown in Table 3. Caffeine is the principal
bioactive component of coffee with a beneficial impact on
the organism [28]. Several studies evidenced its presence
as well in coffee silverskin in low percentage (0.8-1.2%)
conferring further attractive properties to this by-product.
Caffeine inhibits lipid peroxidation induced by reactive
oxygen species as hydroxyl radicals, peroxyl radicals and
singlet oxygen acting as a protective agent for vegetal fat
[29].

The physico-chemical characteristics of this xanthine
explain its solubility in aprotic polar and solvents (chloro-
form, dichloromethane) as well as in supercritical dioxide
[30], even at low temperature as 40 °C in a wide range of
pressure (100-300 bar) [31].

The presence of caffeine was quantified in all samples in
a variable amount in function of experimental parameters.
In particular, the extraction yield of caffeine was influenced
by temperature rather than pressure [31]. Figure 2 shows
the temperature dependence of caffeine extraction yield at
a fixed pressure of 200 and 300 bar. The isobar curves have
the same trend, evidencing an increase of caffeine yield at
50 °C with a decrement at 60 °C independently by pressure
set. These anomalous results were similar to those obtained
by Bandeira et al. regarding the recovery of caffeine from
green coffee oil [32]. Probably this can be explained either
by the proximity to the critical point at those experimental
conditions and the supercritical phase approaches the liquid
phase density or by a lipids co-solvent effect.

Moreover, it is well documented that caffeine solubility
can increase with the addition of polar additive that has a

Table 3 Caffeine extraction

value at different experimental Method Dataset T (°C) p (bar) Co-solvent  Extraction yield® E.xtrabction
condition with a fixed flow (% EtOH) (owlwes ) yield® (Tow/
rate of 15 mL min~'; caffeine Wes raw)
W;SL dCetTected ancli quargig;dgfg s¢-CO, 1 35 200 - 24403 0.04+0.5
o HUL(%“U”IE BEHC 2 300 - 1.6+0.4 0.05+0.2
phase: water/ACN, flow rate: 3 50 200 - 3.1£03 0.08+0.2
0.250 mL min™") 4 300 - 3.6+0.1 0.10+0.1
5 60 200 - 2.8+0.1 0.07+0.1
6 300 - 3.0+0.2 0.08+0.2
7 50 300 5 4.8+0.1 0.14+0.1
8 60 300 3.2+0.1 0.08+0.2
Soxhlet (n-hexane) 0.7+£0.2 0.03+0.1

The amount is quantified on the extracted fraction

dCaffeine yield was calculated on the extracted CS fat

PCaffeine yield was calculated on dry raw material
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Fig.2 Dependence of caffeine 4 5
extraction yield on temperature T
at a fixed pressure of 200 bar 35
(violet dots) and 300 bar (green 3 } T
dots) at a fixed extraction period X ]
of 2 h. (Color figure online) E 2,5 }
S~
z .
- | o— 200 bar
° | 300 bar
> 9
0,5
0 T T 1
35 50 60

beneficial contribution on solvent density and specific sol-
vent—solute bonds formation. In our case, the higher amount
of caffeine was detected in the fat extracted with 5% of EtOH
at 50 °C/300 bar (4.8 +0.1% in Table 3, entry 7) with a
decrease co-solvent effect at 60 °C and a consequently low-
ered caffeine extraction (3.2 +£0.1% Table 3, entry 8) due to
a plausible reach of the critical temperature [33].

The amount of caffeine in CS fat, extracted with n-hexane
in Soxhlet, was quite low (0.7 +£0.2%, Table 3) compared
to the values obtained in defined supercritical conditions,
evidencing the suitability of sc-CO, in obtaining extracts
enriched of structurally different compounds present in the
same vegetal matrix.

Mathematical Model

The rationalization of experimental data toward a validated
mathematical model is a fundamental step in view of indus-
trial applications as scale-up, design of experiment (DoE)
and process optimization. Application of this strategy as
well as to CS fat extraction can furnish good indications
for highlighting the sustainability of this procedure and can
also be an inspiration to switch the direction of industrial
processes.

With this aim, the collected extraction data were used in
order to assess the feasibility of a further advanced math-
ematical analysis. In particular, the simplified dual-phase
model described by Patel et al. was taken into account for
this purpose [34]. It is based on the same fundamental equa-
tions of the model proposed by Sovova in 1993 [35] that
found many applications. It has been demonstrated to pos-
sess good fitting capabilities [36—-38] and an improved sim-
plicity of the numerical solution.

The goodness of fit, the simplified mathematical approach
and the analytical solution of such a model are the key rea-
sons for the choice of the Patel et al. model for a prelimi-
nary mathematical assessment of the extraction system using

@ Springer
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supercritical carbon dioxide and coffee silverskin. The bio-
logical matrices used in sc-CO, are composed mainly of
cells which contain oils both inside and outside of the shell
[39]. This distinction is used to model the sc-CO, extrac-
tion with the dual-phase principle used both in Sovova and
Patel’s models. In fact, the initial period of extraction repre-
sents the depletion of lipids found on the cells surface while
the final period represents the extraction of lipids contained
inside the cell structure. For these reasons, the initial period
is typically faster since the external mass transfer is the con-
trolling factor whilst in the final stage the extraction rate
slows down until it zeroes, and the extraction effectively
stops [40]. Those rates may be defined as, respectively, con-
stant extraction rate (CER) and falling extraction rate (FER).

Some assumptions are used for the model as [34]: (i)
axial flow with constant superficial velocity through a fixed
bed of cylindrical shape, (ii) no radial dispersion, (iii) pure
solvent at extractor entrance, (iv) constant temperature and
pressure throughout the entire extraction, (v) homogenous
physical properties of the solid phase, (vi) pseudo-steady
state plug-flow, (vii) negligible accumulation of solute in the
fluid phase. Moreover, an additional approximation is that of
considering the extracted material as a single pseudo-com-
ponent whose real composition is unknown to the model.

Mass balances for both fluid phase and solid phase are
described, respectively, as [34]:

pr% =J(x,y) 3

—p(1 = )% = J(x,) )
With initial conditions:

x(h,t =0) =x, 3)

yh=0,0)=0 (6)
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CER and FER mass transfer definitions are formulated
as follows:

J(x.y) = kpagps (v, —y)  forx>x, )

Jx,y) =kagpx  for x < x 8)

where x; is defined as the mass concentration of solute inside
the solute-free solid at whose value the extraction transitions
from constant to falling extraction rate.

By combining the initial conditions (Eqs. 5 and 6) with
the mass balances (Eqs. 3 and 4) and the respective mass
transfer it is possible to solve the differential system of
equations and obtain:

e=qy,[l —exp(-A)] for g<gq, )
e =xy—exp [-BA(q - q,,)| [xo — ¢,y,(1 —exp(=A))]  for g>g¢,,
(10)

where ¢ is defined as the dimensionless extracted mass, g is
the dimensionless fluid quantity used until a certain amount
of time and g,,, is the value of g for which the extraction shifts
from the CER to the FER. Among the other parameters they
can be defined as:

_ kfaOH
A= an
B =kp,/keps (12)
_ UI’/ 1
q= Fply(l—s)t (13)
dn =1 (14)

A depends mainly on the fluid dynamics of the system
and from an operational point of view, it is dependent only
on the flow rate; kf is the fluid mass transfer coefficient
and depends on the properties of the fluid and the flow
regime; a, is the superficial mass coefficient and depends
only on the solid matrix; H is the column height that is
commonly fixed.

B is the ratio between the solid mass transfer coefficient
k, and solid density p,, which both depend only on the solid
phase, and the fluid mass transfer k; and the fluid density p,.

Xy and y, in g,, represent, respectively, the initial solid
mass fraction of solute in the solid matrix and the solubility
of lipids in the supercritical fluid. For a more in-depth analy-
sis of the variables presented, please refer to [34].

Model Application

The best extraction conditions obtained (Table 1, entry 6)
were considered as the starting values for the model applica-
tion. Further and tailor-made experimental conditions were
carried out to boost the model (Table 4). The operative
conditions evaluated are primarily the initial mass of solid
and flow rate, parameters m, and Q respectively (Table 4).
The idea behind this choice is to test the applicability of
the model in different fluid-dynamic conditions. It is worth
note that fluid-dynamic is probably one of the most complex
aspects of modeling the supercritical fluid extraction. The
flow regime depends on several factors, most importantly:
the shape and size of the solid matrix, the porosity of the
particles, the column geometry, the flow rate and the void
factor inside the column. The only operative conditions that
we can properly control in this list are the flow rate (Q) and
the void factor inside the column. This last parameter is con-
trolled by the quantity of solid initially charged in the vessel,
namely m,. As discussed before, temperature and pressure
affect the density of the supercritical carbon dioxide and its
solvent capacity playing a key role in process optimization.
For the aforementioned reasons, six new sets of experimental
data were produced purposely to test the model in different
fluid dynamics conditions around the optimal pressure and
temperature conditions for maximum yield. With this aim,
several data points have been collected in time (Fig. S2) and
a non-linear regression with the described model was per-
formed on each set. The non-linear regression is conducted
by minimizing the sum of least squares function between the
experimental data and the prediction provided by the model
by means of varying the model parameters. Thus, the found
set of parameters is to be considered the best-fit parameters
for each experimental set [41]. As reported in Table 4, the
model fit was evaluated with both the average absolute rela-
tive deviation (AARD) and the standard error of the estimate

Table 4 Operative condition

. . Dataset T Q m, Xy ¥, A B /. AARD S

and non-linear regression

best-fit parameters of the 1 60 15 42.002 0.0293 00100 0.1582 0.1355 7.9797 438  0.0004457

dual-phase Patel model based 2 60 20 40.825 0.0339 00157 02597 0.1648 6.8733 280  0.0005465

on the additional experimental

results, T (°C). P 300 (bar), Q 3 60 15 28204 00318 00142 02105 0.1461 52405 092  0.0003085

(ml min™"), m, (), AARD (%) 4 60 20 28240 0.0228 0.0048 0.0494 0.1193 35370 1.07  0.0000551
5 60 20 40.669 0.0547 00257 02035 00691 3.8467 189  0.0008240
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(S). The AARD values of the regressions were quite low,
except for the first data set. This indicated that the model
has a better performance towards fitting experimental data,
thus it should be preferred.

A visual inspection of the plots reported in Fig. 3 shows
the fitting quality of the described model. Moreover, it can
be noted the point where the phase inversion happens, and
the extraction shifts from the constant extraction rate, which
is a straight line, towards the falling extraction rate, which is
similar to an inverse exponential curve.

To sum up, the model fits successfully the preliminary
experimental data provided. This results in a possible
decomposition of all the constituent parameters of the model
and in their derivatization with a fundamental approach to
reduce the number of parameters to be fitted. Noteworthy,
this method could allow us to transform the model from
a purely regressive to a predictive model. Moreover, the
implementation of a proper design of experiments (DoE) can
be a suitable tool for collecting a range of experimental data
to cover the whole application domain of the model and find
the best fit fundamental parameters. This leads to a possible
optimization of the best operative conditions and maximiza-
tion of the yield of extraction, and finally to design scale-up.

Economic and Energy Evaluation of CS Fat sc-CO,
Extraction Scale-Up

A preliminary cost of manufacturing (COM) of an annual
sc-CO, extraction of CS fat was estimated on laboratory
data fitting the mathematical model, and then the results
were projected at industrial scale for a preliminary economic
estimation.

COM is the sum of several invoices that cannot be gener-
alized but they need to be evaluated case for case. CS fat rep-
resents a novelty in the chemical market for which reason its
cost on the market cannot be still evaluated. The preliminary

estimation of the CS fat COM extracted by sc-CO, is € kg™!
1,479.83 and 31.16 for small and large scale. As expected,
the costs are reduced with the increase of extraction scale
[17]. Moreover the cost of CS fat is in alignment with the
costs of other vegetal oil derived from agri-food waste used
as raw material such as maize stover (88.89 € kg, ") [42]
and cupuassu defatted seed (40.46 $ Kg_;, ') [43]. Certainly,
the cost of CS fat production will be affected by the other
variable overheads whose could not be estimated so far.

It is worth to note that the fixed capital investment (FCI),
commonly addressed to the cost of supercritical fluid extrac-
tor, covers an onerous weight in the formula. However, the
advantage in this investment can be notable especially when
the economic return of fat selling is considerable. The sec-
ond factor that mainly affects the COM is the raw material
costs (Cry) and in the case of expensive and precious raw
material, its management can influence as well as FCI and
cost of labor (Cg;) voices. On the other hand, the cost of
raw material can be abated and/or amortized in two cases:

(1) The raw material is an agri-food waste without any eco-
nomic value abated [44].

(2) The fresh and or the impoverished raw material can be
burned to furnish the energy required to heat the instru-
ment for the next extraction cycle, affecting positively
the cost of utilities (Cyp) as proved by Attard et al. in
the case of maize stover [42, 45].

The realization of the latter case can have a positive influ-
ence as well as on the cost of waste disposal (Cy,y) high-
lighting the possibility of an energy and/or an economic
return. In the specific case, defatted silverskin results to be
still attractive for other industrial sectors as paper-making
given the richness in cellulose. The entry in a new pro-
ductive cycle, not only abated the waste material disposal
cost but, in full accordance with the hinge of the circular

Fig.3 Non-linear regres- T
sion results of the dual- 0.02
phase Patel et al. model of S
the first experimental set =
(60 °C/300 bar/12 mL min~") ? 0.015
(circles) and the fourth s ' B
experimental set 2
(60 °C/300 bar/20 mL min~?) =
(crosses) S 0.01

b

(@]

o

< 0.005 |

()

0 1
0 10
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economy, becomes a secondary raw material for a new pro-
duction process. [46, 47]

For both the sc-CO, and the traditional Soxhlet process,
the start-up or dynamic phases of the operations were not
considered, thus the energy consumption is the continuous,
constant, set-point operative values. The fluid thermody-
namic properties are calculated only by considering the
pure single component non-ideal fluid and neglecting the
contribution of the extracted lipids for both the sc-CO, and
the Soxhlet processes.

The energy consumption, included in Cy;1 costs, has been
estimated to be 172.87 kJ h™! for the small scale of 0.1 L
with a setpoint of 60 °C and 4350 psi in the extractor column
and a constant massive flow rate of 1.13 kg h~'and, via a
linear scale-up for a large scale of 400 L, to be 6.91*1 0° kl/h
with a massive flow rate of 4512.22 kg h~!(Fig. S3). The
total energy requirement for the aforementioned lab-scale
conditions was calculated for an average extraction time of
2 his 345.74 kJ. From a purely energetical point of view, the
energetic cost increases linearly as the supercritical extractor
gets bigger. In fact, if the fat yield per flow-rate is maintained
constant between the lab- and the industrial scale, then the
energy cost increases linearly since it is mainly related to the
flow-rate of sc-CO, set in the system [19]. However, for the
industrial scale it is more common to introduce CO, recycles
and several energy recovery systems which will lead to more
energy efficient operations with respect to the more trivial
lab-scale equipment.

On the other hand, the extraction of CS fat carried out by
Soxhlet can be apparently cost-effective and more advanta-
geous by an energy point of view. It is enough to think of
the simplicity of the apparatus being composed only by a
round bottom flask with different capacity, a condenser, and
the extractor chamber. A preliminary energy consumption
calculation evidenced that Soxhlet extractor, at the small
scale, may require an ideal minimum of 352.71 kJ h~! with
the experimental reflux flow rate of 14 mL min~!, since
the whole extraction process needs 6 h to reach the same
results of the sc-CO, extraction, in terms of yield, the total
energy consumption is 2116.26 kJ. This data confirms that
the Soxhlet not only is a time consuming method but it has
an energy requirement similar to that calculated for sc-CO,,
as already evidenced by Virot et al. [48].

To sum up, CS fat extraction is affordable to scale-up by
SFE. The relative high capital investment cost required in
SFE process is great compensated by numerous benefits:
low CO, cost and batch times, higher recovery and quality
of desired compounds, absence of pollution treatment costs.
The fat obtained by Soxhlet requires additional manufactur-
ing processes (drying and preserving) to reach a suitable
quality for further applications, especially demanded in
cosmetic field. These additional steps are not necessary for
the fatty material extracted by sc-CO,. In fact, as shown in

this work, the CS butter isolated by sc-CO, showed unique
organoleptic properties, specifically well appreciated by cos-
metic industrial partners. This is helpful to dictate the market
price and amortizes the fixed cost invested (i.e. apparatus).

Conclusions

This work demonstrates that silverskin, the only by-product
of coffee roasting, can be successfully valorised yielding an
added-value semi-solid fat by means of a green extraction
technique like supercritical CO,, whose laboratory condi-
tions can be easily scaled up in industrial plants. In addition,
industrial sc-CO, plants have the possibility to recover clean
CO, used in the process, guaranteeing a waste-free, safe and
low-cost extraction process. No further waste was generated
by this process given that the cellulosic residue is recovered
in another way, becoming a second raw material for paper
production.

Moreover, the feasibility of CS fat extraction in industrial
processes is also supported by the mathematical model. In
fact, our results demonstrated that the mathematical model
is able to fit experimental data with good performance and
the transformation from a purely regressive to a predictive
model will enable us to plan a possible optimization of the
extraction conditions and also a future scale-up design.
Although without impressive differences in terms of yield
between the conventional (3.0+0.1%) and the best sc-CO,
process conditions (3.1%+0.1, 60 °C/300 bar), the extrac-
tion time was drastically reduced from 6 to 2 h avoiding the
use of hydrocarbon or chlorinated solvents. The addition of
a safe and non-toxic organic modifier as EtOH (5%, v/v) did
not remarkably improve the extraction yield respect to the
use of pure CO,, contributing only to enhance the caffeine
amount in the CS fat.

The specificity of CS fat composition can be modulated
by properly tuning pressure and temperature. All extracts
showed an interesting fatty acid profile enriched by caffeine,
an organic antioxidant, making the CS fat unique starting
material. The preliminary economic analysis of CS extrac-
tion has highlighted how the use of an agri-food waste as a
source of natural fat has a favourable influence on the COM,
helping to amortize the plant cost.

The calculated energetic consumption at small scale of
the sc-CO, process (172.87 kJ h™!) compared to the Soxhlet
extraction (352.71 kJ h™!) is similar, however, the first tech-
nology has an enormous advantage which is that of avoiding
the need of the organic solvent disposal and related costs,
thus reducing any negative impact on the environment.
It is worth to mention that the residue from supercritical
extraction (c.a. 90-95% w/w) is a powder deprived of bio-
active components, thus resulting in almost pure cellulose,
available to further processing and waste valorisation. All
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these characteristics, together with the eco-sustainability
of the extraction process, make this by-products-derived
fatty material very attractive for various industrial fields as
cosmetic.

This research work is a frame of a multidisciplinary pro-
ject aimed at all-round valorizing coffee silverskin in Italian
scenario, but potentially applicable to other countries where
coffee manufacturing is massive.
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